ABSTR^CT.--During directional flight trained Eurasian Kestrels (Falco tinnunculus) in the laboratory expended 13.8 W. Free-living birds expended 14.6 W during nonsoaring flight that included both directional flight and wind hovering. The former value was obtained by combining food balance and indirect calorimetry techniques, the latter by doubly labeled water (D2•80). Because the energy-expenditure rates are so similar for directional flight alone and for wind hovering and directional flight combined, we argue that the value for either mode of kestrel flight may be used to analyze time-energy budgets. We predicted avian flight costs (el) from an equation based on published data on flight costs in 14 species (body mass 3.8-1,000 g): ef = 17.360M•.ø•3bw-4.23•sw •'926 W, where M is body mass (g), bw is wing span (cm), and sw is wing area (cm2). Inclusion of the morphological data with body mass significantly improved the prediction of flight cost [r 2 = 0.84 vs. r 2 = 0.75 without b• and sw, Fc (2,18) = 5.34, P < 0.05]. QUANTIFICATION of the components of daily energy expenditure will improve the understanding of the behavior of free-living birds. This can be achieved by combining time-activity budgets with estimates of the various cost factors (e.g. basal metabolism, thermoregulation, flight; Koplin et al. 1980, Mugaas and King 1981). Energy expenditure during flight is increased greatly relative to during other behaviors (e.g. Berger and Hart 1974). Therefore, even though little time may be devoted to flight, an error in the estimate of the flight cost will produce a considerable error in the total daily energy expenditure estimated from time-activity models. Available allometric equations that predict flight cost in birds are based solely on body mass (e.g. Berger and Hart 1974, Kendeigh et al. 1977, Butler 1980) and provide only a rough estimate of power consumption. Energy expenditure during flight varies among birds of the same mass, according to flight pattern and the aerodynamic and behavioral properties of the species (Nisbet 1967, Utter and LeFebvre 1970, Hails 1979, Dolnik 1982, Flint and Nagy 1984). The Eurasian Kestrel (Falco tinnunculus) has two distinct modes of powered flight: (1) directional flapping flight and (2) wind hovering, which is flapping flight against the wind with 603 zero ground speed (Videler et al. 1983). We determined energy expenditure in kestrels during powered flight. We used this information to quantify total daily energy expenditure of the Eurasian Kestrel throughout its annual cycle (Masman 1986). We used two techniques to determine flight cost. The energy budgets of trained, free-flying kestrels in the laboratory were reconstructed by monitoring daily metabolizable energy intake, oxygen consumption during rest, and time spent flying per day, from which the energy expenditure during directional flight was estimated. In the field we measured daily energy expenditure of free-living kestrels by a doubly labeled water (D2•sO) technique (Lifson et al. 1955). Time spent flying was recorded simultaneously. Energy expenditure during combined directional flight and wind hovering was estimated from the correlation between daily CO• production and time spent in flight. METHODS Food balance and indirect calorimetry.--Three adult wild Eurasian Kestrels (! male, 2 females) were caught by bal-chatri (Cav6 1968) and trained by falconry methods (Glasier 1978) to fly along an indoor hallway (135 x 3.0 x 2.5 m) back and forth between two falconers. Within 3 weeks the kestrels flew up to 20 The Auk 104: 603-616. October 1987 613 the predictive value of allometric equations. To convert time-budget data into energy units without undertaking independent studies of flight costs, we believe allometric equations must include morphological data in addition to body mass. Vfgeln als Function der Tageszeit und der Kfrpergrfsse. J. Ornithol. 11l: 38-47ß BAUDINETTE, R. V., & K. SCHMIDT-NIELSEN. 1974. Energy cost of gliding flight in Herring Gulls. Nature (London) 248: 83-84. BERGERß M., & J. $. HARTß 1972. Die Atmung beim Kolibri Arnazilia firnbriata wghrend des Schwirrfluges bei verschiedenen Umgebungstemperaturen. , & O. Z. RoY. 1970. Respirationß oxygen consumption and heart rate in some birds during rest and flight. Z. Vergl. Physiol. 66: 201-214. BERNSTEIN, M. H., S. P. THOMASß & K. SCHMIDT-NIEL-SEN. 1973. Power input during flight in the Fish Crowß Corvus ossifragus. J. Exp. Biol. 58: 401-410ß BRYANTß D. M., C. J. HAILSß & P. TATNER. 1984. Reproductive energetics of two tropical bird speciesß Auk 101: 25-37. BUTLERß P. J. 1980. Respiration during flightß Adv. Physiol. Sci. Vol. 10, Respiration (I. Hutas and L. A. Debreczeni, Eds.). Pp. 155-164ß ß N.H. WESTß & D. R. JONESß 1977. Respiratory and cardiovascular responses of the pigeon to sustained level flight in a windtunnel. J. Exp. Biol. 71: 7-26.
where e is the energetic equivalent of body mass change (kJ/g) and es is the metabolic rate (kJ/h) during the flight experiment. Daily gross energy intake (I) was determined by weighing the food provided during the flight sessions (Fig. 1) . The food consisted of small cut-up pieces of laboratory mice offered after each transit flight in the hallway. Food intake was corrected for water loss due to evaporation. The food was dried to determine water content (• = 0.64, SD = 0.01, n = 10) at 75øC and combusted in a Gallenkamp Adiabatic Autobomb calorimeter. Mean wet-mass energy content was 9.23 kJ/g (SD = 0.70, n = 10). Fat content was determined by extraction with petroleum ether, and protein content was estimated by ashing the fat-free residue, assuming a negligible carbohydrate content (Kendeigh et al. 1977) . The fat fraction of ash-free dry mass was 0.29 (SD = 0.47, n = 10), and therefore the protein fraction of ash-free dry mass was 0.71 (SD = 0.47, n = 10).
To determine the total energy lost (L) all ejecta were collected during flight sessions and the resting period. Feces and pellets were separated and dried at 70øC to constant mass. Energy contents of feces and pellets were determined as described for the mouse carcasses.
Fluctuations in body mass (AM) were recorded by weighing the kestrels to the nearest 0.1 g at the beginning and end of each experimental session (Fig.  1) . We kept body mass as constant as possible by adjusting the daily ration.
Energy expenditure (e,) over the resting period (p) was measured as oxygen consumption in an openflow system using an Applied Electrochemistry S3A oxygen analyzer. On 15 of the experimental days the carbon dioxide concentration was measured simultaneously with a Binos infrared gas analyzer (Masman 1986). The ratio of oxygen consumption and CO2 production (RQ), both calculated following Hill (1972), varied from 0.80 to 0.84, indicating the consumption of carbohydrates in addition to fat and protein.
We calculated the mass ratio of lipids, proteins, and carbohydrates cornbusted to assign an energy equivalent to the volume of oxygen consumed to correspond to the RQ measured. The diet did not supply carbohydrates; thus, gluconeogenesis (Lardy 1966) must have taken place, as demonstrated in Black Vultures (Coragyps atratus; Migliorini et al. 1973). We assumed protein to be the substrate for gluconeogenesis (Stryer 1981) and estimated the amount of protein converted into carbohydrate. We assumed the ratio of protein and fat catabolized in total to equal that in the mouse diet (0.71:0.29) because the body mass of the kestrels remained constant. We used this diet composition and the measured RQ to calculate the energy equivalent (see Appendix). We found energy equivalents for oxygen consumption of 19.8-20.2 kJ/1 for RQ values of 0.80-0.84. Energy expenditure during the flight sessions (e,) was estimated from Eq. 1. The kestrels flew for only part of the time (t•, h/day) during the flight sessions, however. After each flight of 125 m, which took an average 14.5 s, the birds took an average of 31.8 s to feed. Thus, the overall energy expenditure during the flight session was:
ae• = t•e• + (a -t•)e• kJ/day,
where e• represents the energy expenditure during flight (kJ/h) and e• represents the energy expenditure during sitting between the transit flights (kJ/h). Combining Eqs. 1 and 2 gives:
I -L pe, -(a -t•)e• = e•t• + AM• kJ/day, (3)
where all variables were measured except flight cost (ee), the costs of sitting during the flight session (e•), and the energetic equivalent for body mass change (e). We calculated the best-fit value for these three variables from the 49 equations from each experi-mental day (Eq. 3) by multiple linear regression analysis through the origin, where the left-hand side of Eq. 3 was the dependent variable. However, the correlation between the time spent flying (tf) and the time spent sitting (o• -tf) during each experiment was too strong to determine a definite value for the three variables. We reduced the number of unknown variables by assuming the metabolic rate during sitting between the transit flights was equal to the metabolic rate directly after the flight session and before the lights were turned off. Doubly labeled water method.--D2•O was used to measure CO2 production (see Lifson and McClintock 1966, Nagy 1980) Birds were recaptured 22-74 h after release. Body mass was determined and a final blood sample was taken (Fig. 2) .
We used 10 doubly labeled water (DLW) experiments of reproductive kestrels that include continuous time-budget observations (Masman 1986). We studied 2 females just before egg laying ( Average daily metabolic rate was calculated as total CO2 production (mMol/g) divided by experiment duration (days). Experiment duration was always close to whole multiples of 24 h (ranges of duration: 0.83-1.15, 1.92-2.33, and 3.09 days), so we refrained from adjustments for circadian phase. Time spent in flight . These measurements had an average error of +0.4%, but the errors range from -7.1 to +8.0%.
To check our procedures we used the DLW technique simultaneously with two other methods, for two trials each: a gravimetric method (absorption of CO2 by Ascarite; Haldane 1892) in 2 resting birds and infrared CO2 analysis (Masman 1986) in 3 birds. The mean discrepancy between the DLW method and the alternative methods (AM), calculated as 100(DLW -AM)/AM, was +2.2% (SD = 5.0, n = 8). We conclude that our measurements were as accurate as reported for other bird species and can be used to estimate daily energy expenditure in free-living Eurasian Kestrels. field (14.6 W, SD = 2.1) . We therefore assumed the cost of directional flight was identical to that of wind hovering in kestrels.
RESULTS

Energy
There are further arguments for the hypothesis that the costs of directional flight and wind hovering are similar in kestrels. During wind hovering, flight speed depends on the prevailing wind velocity because the kestrel has to fly against the wind to remain stationary. Aerodynamic theories (Tucker 1974, Greenewalt 1975, Pennycuick 1975, Rayner 1979) predict energy expenditure during flight to be dependent on flight speed, especially at high and low wind speeds (Fig. 4) . Most wind hovering by kestrels occurred when wind speeds were 6-12 m/s, the range where flight costs are predicted to be minimal and relatively constant (Fig. 4) Hart 1974, Kendeigh et al. 1977, Butler 1980 ). Because the variation in measured avian flight costs at any given body mass is great, the regressions cannot provide a precise prediction for a single species. Aerodynamic theory implicitly suggests that such empirical predictions should be improved considerably by including morphological characters in addition to body mass. We compiled available data on flight energy expenditure for 57 bird species (Table 2, Fig. 5 ) and categorized the data on the basis of the methods used and the aerodynamic properties of the species concerned.
Empirical predictions for flight cost may be derived from allometric analysis (Berger and
There was considerable discrepancy between results from wind-tunnel studies and those from studies that used methods applied to unrestrained birds (Fig. 5) . This effect was analyzed by comparing wind-tunnel and non-wind-tunnel studies. We restricted this comparison to birds that do not habitually forage on the wing during large parts of the day, thus excluding (Table 3 ). The kestrel data showed an energy expenditure during flight that is at least 78% above the value predicted by Dolnik. This prediction was dependent on the time allocated to flight per day, a parameter that varies with season and sex (Table 3) 
